Abstract Several epoxy Al(OH)O (boehmite) dispersions in an epoxy resin are produced in a kneader to study the mechanistic correlation between the nanoparticle size and mechanical properties of the prepared nanocomposites. The agglomerate size is set by a targeted variation in solid content and temperature during dispersion, resulting in a different level of stress intensity and thus a different final agglomerate size during the process. The suspension viscosity was used for the estimation of stress energy in laminar shear flow. Agglomerate size measurements are executed via dynamic light scattering to ensure the quality of the produced dispersions. Furthermore, various nanocomposite samples are prepared for three-point bending, tension, and fracture toughness tests. The screening of the size effect is executed with at least seven samples per agglomerate size and test method. The variation of solid content is found to be a reliable method to adjust the agglomerate size between 138-354 nm during dispersion. The size effect on the Young's modulus and the critical stress intensity is only marginal. Nevertheless, there is a statistically relevant trend showing a linear increase with a decrease in agglomerate size. In contrast, the size effect is more dominant to the sample's strain and stress at failure. Unlike microscaled agglomerates or particles, which lead to embrittlement of the composite material, nanoscaled agglomerates or particles cause the composite elongation to be nearly of the same level as the base material. The observed effect is valid for agglomerate sizes between 138-354 nm and a particle mass fraction of 10 wt%.
Introduction
For more than 40 years, researchers have been observing the influence of solid particles in epoxy resin on the mechanical properties of composite materials (Radford 1971; Lange and Radford 1971) . Epoxy resins possess outstanding mechanical properties and are highly resistant to chemicals, which enable numerous applications such as weight-bearing structures, surface coatings, and adhesives, in a broad range of industries, e.g., aerospace, automotive, and construction industries. Thus, epoxy resin is an established engineering material and is often used as a preferred resin component in fiber-reinforced structures. Particle-modified epoxy resins are still generating considerable research interest. A relevant research area is the size effect of primary particles and agglomerates on the mechanical properties of particlereinforced composites (Jamaati et al. 2014; Fu et al. 2008) . However, few researchers have addressed the problem of connecting size analysis results with mechanical test results. In the majority of cases, the filler size is simply taken from the manufacturer and supported by an additional figure from a scanning electron microscope. Measurements with the microscope, however, are usually based on surface pictures of cured samples, without knowing the true size of the filler material and on a relatively small number of particles or agglomerates. Another method is to use optical procedures like dynamic light scattering techniques (Nolte et al. 2012) . The size effect of boehmite agglomerates on the mechanical properties of epoxy resins has not been studied yet. Considering the question of size effects in general, the research on boehmite may provide an opportunity to further generalize the results that are reported in the literature. It is expected that boehmite has a significant impact on the mechanical properties of epoxy resin, in particular on the fracture toughness under mode-1 loading and under tensional loading. The current state of research is summarized below, including the results of several studies, which deal with size effects of different filler materials on the mechanical properties of composite materials.
Based on test results from Radford (1971) , Fu et al. (2008) stated that the tensile modulus of epoxy/ aluminum resin composites is not significantly affected for primary particle sizes between 1 μm (6.9 GPa) and 12 μm (6.6 GPa) at a constant volume fraction of 29.5 vol%. Furthermore, the fracture energy was investigated with the same material and average particle sizes. According to these results, the fracture energy reached the greatest values for the composites with the largest primary particle size of 12 μm. Jamaati et al. (2014) compared the effects of microparticles and nanoparticles on the microstructure and the mechanical properties of steel-based composites. They reported that higher particle sizes and higher aspect ratios were more susceptible to particle breaking. Hall et al. (1994) measured an increase of about 26% in tensile and 13% in yield strength in aluminum/silica composites for primary particle sizes between 2 and 20 μm at a volume fraction of 20 vol%. Furthermore, Nakamura et al. (1992) identified an increase in tensile strength and absorbed impact energy in epoxy/silica composites for primary particle sizes in a range from 2 to 42 μm for a mass fraction of 64 wt%. In addition, they discussed the influence of primary particle size on agglomeration. They found that an increasing particle size leads to a more irregular shape of the agglomerates and assumed that the irregular shape may cause lowered resistance against cracking. Singh et al. (2002) examined the fracture toughness of polyester/aluminum composites for the primary particle sizes 100 nm, 3.5 μm, and 20 μm at volume fractions between 0 and 5%. They found that primary particle size and volume fraction have a strong impact on the fracture toughness and they measured an increase in fracture toughness of 5% for 20 μm, 20% for 3.5 μm, and 32% for 100 nm compared to the unfilled polyester resin at a volume fraction of 1%. Furthermore, they found that the volume fraction influences the agglomeration, and that nanoparticles are more inclined to agglomeration than microparticles. Al-Turaif (2010) observed the effect of nano TiO 2 on the mechanical properties of epoxy resin for primary particle sizes of 17, 50, and 220 nm at volume fractions between 0 and 10%. The results showed that the investigated mechanical properties including tensile stress, elongation at break, toughness, the Young's modulus, flexural stress, abrasion rate, and pull-off strength increase with decreasing particle sizes. Some of the experimental test results in the literature indicate that the particle size has no significant impact on the elastic modulus (Radford 1971 , Fu et al. 2008 . However, considering the notch effect and stress concentrations caused by the particles, it is anticipated that the particle size has a decisive effect on the fracture behavior under tensional loading.
The fracture behavior is generally an important aspect concerning the mechanical properties of composite materials. Particularly, the fracture toughness and thus the particle-induced toughening mechanisms are crucial to comprehend the fracture behavior of composite materials. There are two main categories of toughening mechanisms. These are on-plane mechanisms like crack pinning or crack deflection and off-plane mechanisms like debonding and plastic void growth. In particular, the works of Lange (1970) , Lange and Radford (1971) , Evans (1972) , Green et al. (1979) , Kinloch et al. (2005 , 1985 , Kinloch and Williams 1980 ), and Wetzel et al. (2006 made major contributions concerning the research on toughening mechanisms. The toughening mechanisms taking place depend on the filler materials size and on the strength of the interaction between additive and matrix. The mechanical properties of the filler material are important, too. Especially in the submicron range, the particle strength increases with decreasing particle size (Rumpf 1959 ) and can therefore endure higher stresses before yielding. For a strong particle-matrix interaction and a high stiffness of the particle, most likely on-plane mechanisms occur. However, due to the fact that the particles are significantly smaller than the crack, it is questionable if these mechanisms are present on the nanoscale. In contrast, weak particle-matrix interactions most certainly lead to offplane mechanisms. Next to the toughening mechanisms, other effects like interfacial stress transfer and local changes in cross-link density may also be affected by the particle size and thus influence the mechanical properties. Furthermore, it is assumed that smaller particles or agglomerates do not corrupt the matrix polymer network as their spatial extent is smaller and therefore causes less distortion of the network. This paper presents a detailed description of manufacturing boehmite/epoxy resin dispersions, along with results of size analysis and mechanical tests. Several methods exist for dispersing nanoparticles in resin. These utilize several stress mechanisms such as stressing between surfaces, stressing in laminar shear flow, and ultrasonication. Stressing between surfaces can be performed in stirred media mills delivering the highest fineness. Ultrasonication is a widely applied method for the production of nanoparticles in lab scale quantities. Both methods are limited to low solid content, since the viscosity of the material needs to be kept low in order to achieve good dispersion results (Bittmann et al. 2009; Knieke et al. 2010) . Additionally, the solid content of nanoparticles has a strong influence on the suspension viscosity. In this study, a kneader was chosen for the production of nanocomposite suspensions, as laminar shear flow is the main stress mechanism acting in this device. The samples for the mechanical tests were fabricated with the characterized dispersions using a combination of casting and milling processes. Selected mechanical properties like tensile, bending, and fracture tests were examined for average agglomerate sizes between 140 to 350 nm at a constant mass fraction of 10 wt%. Considering the boehmite agglomerates in this study, it is expected that the smaller the agglomerates are, the stiffer and stronger they will be, since the average strength of interparticle interactions will necessarily increase as agglomerate size decreases through repeated disruption of the weakest points in the system during the dispersion process. Thus, a decreasing agglomerate size will simultaneously lead to a change in the mechanical properties.
The authors, when speaking of a size effect, address both the effect of the spatial extent of the agglomerates and synergetic effects like the change in the agglomerates stiffness and the specific surface area.
Materials and methods

Materials
The dispersions and the samples were produced with cubic boehmite (DISPERAL HP14, SASOL, Germany) with an average agglomerate size of 25 μm and a primary particle size of 14 nm according to the manufacturer. SASOL applies the On-Purpose Process (Torno 2008) for the production of the particles. Almetal, higher alcohols, and hydrogen are used for this process. The particles are dispersed in bisphenol-Adiglycidylether (DGEBA, Araldite® LY 556, Huntsman). The epoxy resin is along with methyltetrahydrophtalic acid anhydride (MTHPA, Aradur® HY 917, Huntsman) and methylimidazole accelerator (Accelerator DY 070, HUNTSMAN, Germany) a hot curing matrix system. The mix ratio amounts to 100:90:1 parts per weight. Boehmite particles were dispersed in DGEBA epoxy resin at varying solid contents and subsequently diluted with the bisphenol-A epoxy resin to produce a suspension with a solid content of 30 wt%. This master suspension was stored at −20°C, which prevents an agglomeration or aggregation and cross-linking of the particles with the epoxy resin. The presence of a nanoparticle or agglomerate represents an obstacle to cross-linking and will ensure that the cross-link density near the particle surface is changed compared to the neat resin. Boehmite has a crystalline structure with functional OH groups on the surface. Since the size effect is studied, it should be mentioned that the exposed surface area of boehmite and thus the OH groups increase with reduced agglomerate sizes. The OH groups may bind or deactivate resin components or alter the curing behavior due to other chemical reactions (Exner et al. 2012) .
Dispersing
In order to adjust the average size of the boehmite particles within the dispersion by varying particle content and temperature during dispersing, experiments were conducted in a high-performance laboratory kneader HKD-T0.6 (IKA, Germany). To enable the production of suspensions with a defined agglomerate size, a preliminary exploratory experiment was conducted, in which the particle content was gradually increased after a steady final agglomerate particle size was reached. Steadiness was usually reached after 120-150 min, which is why 180 min was chosen as the standard dispersing time in this experiment. It must be noted that the achievable stress intensities in laminar shear flow do not suffice to induce breakage of primary particles; therefore, only the agglomerate size is altered in this process. Similar to the experiments conducted by Nolte et al. (2010) , this experiment provides information about the solid content, which is necessary to reach a desired final agglomerate size. The size measurements were conducted with a Nanophox (Sympatec, Germany) following a method described in Nolte et al. (2012) where the suspension is diluted with a mixture of a solvent and stabilizing agent, which resulted in a sample with sufficient particle mobility to enable the measurement via dynamic light scattering. Since the result of a dynamic light scattering measurement is based on the estimation of the rate of diffusion, the agglomerate size is assessed with this method.
Dilution was performed with a mixture of ethanol, water (80:20 parts per volume), and the stabilizing agent Disperbyk 1142 (Byk) to a particle solids content of 0.06 wt% at a stabilizer ratio of 50 g stabilizer / g particle . While establishing this method, the stability of the particle size was tested by repeated measurements for a period of 6 h. Further proof of the stability was gained by scanning the transmission and backscattering profile of a sample with a Turbiscan (Formulaction, France) that confirmed the absence of re-agglomeration and sedimentation. A change in particle size, as discussed by Nolte et al. (2012) , can therefore only happen during the wetting of the particles by the stabilizing agent at the start of the solution. The polar solvent mixture ensures a slow solvation (< 2 mg/min) of the epoxy matrix, and the high stabilizer ratio ensures a good availability of stabilizer molecules which minimizes a potential initial reagglomeration of the particles. This guarantees the comparability of the particle sizes measured in this study. For the comparison of the obtained suspensions, the x 10,3 , x 50,3 , and x 90,3 values were considered. They indicate the particle size when the volume weighted (Index 3) cumulative particle size distribution reaches the value of 10, 50, or 90%, respectively.
The suspensions for the test specimen were prepared based on the knowledge about the correlation of solid content and the resulting final agglomerate size. The batches were then produced with formulation and process parameters that allowed a wide range of agglomerate sizes. The experiments were conducted at solid contents of 40, 32, and 25 wt% at a temperature of 20°C. In order to produce a suspension with larger agglomerate sizes an additional experiment was conducted at 50°C at the minimum required solid content.
For the estimation of the stress intensity according to Rumpf and Raasch, viscosity was measured in a rotatory rheometer (Kinexus, Malvern) with a plate-plate arrangement (20 mm diameter, 0.5 mm gap width, shear rate 50 s
−1
). In the case that the viscosity exceeded the measurement range of the rheometer, samples were diluted and values with high solid contents were extrapolated by an exponential function.
Specimen preparation
Initially, the suspension was diluted with neat epoxy resin by carefully blending the components with a vacuum centrifugal mixer (PASTE MIXER PDM-300V, DAE WHA TECH) at rotational speeds of up to 1350 rpm. The process was executed at varying rotational speeds in order to increase the mixing effect and under a vacuum for a first reduction of air pockets. To obtain a homogeneous result, the blending was performed twice in a row for 90 s. The hardener and the accelerator were blended with the diluted suspension after a visual control indicated a homogeneous blend of suspension and neat epoxy resin. Before further processing, the particle-epoxy resin matrix system was filtered with a fine sieve (mesh size approximately 190 μm) to eliminate foreign objects from the dispersion process. It was then degassed for 10 min at a pressure of 0.2 mbar to eliminate foreign air. Subsequently, the material was cast in a preheated (80°C) casting tool (depending on the test method, a size of nearly DIN A4 with thicknesses between 2 and 5 mm) and cured for 4 h at 80°C for gelation and 4 h at 120°C for post-curing. The casting tool is made of stainless steel and to provide an easy release a water-based mold release system (WaterWorks Aerospace Release) was used. Tension specimens were produced according to the standard DIN EN ISO 527-2 sample type 1B with a thickness of 2 mm, bending specimens were produced according to DIN EN ISO 178 with geometry of 80 × 10 × 2 mm, and fracture toughness specimens were produced according to ISO 13586 with a thickness of 5 mm. The edges of the samples were polished slightly with fine abrasive paper (600 grain size) to remove any influence of microcracks produced during the milling process.
Mechanical testing
For a statistical coverage of the test results, a minimum of seven tensile samples, ten bending samples, and ten fracture toughness samples were measured. The test specimens were conditioned at a temperature of 23°C and a humidity of 51% for at least 2 days. Afterwards, the mechanical tests were performed on a static testing machine type Z005 from Zwick/Roell with a maximum test load of 5 kN.
Tensile test
For the tensile test, the stress/strain curves were recorded with a test speed of 1 mm/min and a minor load of 5 N. The tension modulus is calculated by using the increase of the secant:
E t is the tension modulus in MPa, σ 1 is the stress in MPa measured at a strain of ɛ 1 = 0.05%, and σ 2 is the stress in MPa measured at a strain of ɛ 2 = 0.25% (DIN EN ISO 527-1). No value is specified for the standard deviation in DIN EN ISO 527. The standard deviation of the tensile test was specified with a limit of 3%, oriented on the obtained test results.
Bending test
According to DIN EN ISO 178 (three-point bending), the test speed was set to 2 mm/min and a minor load of 5 N. The bending modulus is calculated analogously to the tensile modulus, but the strain values are replaced with the deflection values. The test standard for the bending test does not define a standard deviation. Due to the test results, it was determined that the standard deviation must not exceed 5%.
Fracture toughness test
Fracture toughness tests were performed with a test speed of 10 mm/min. For the evaluation of the fracture toughness, the critical energy release rate G and the critical stress intensity factor were used. The energy release rate is Bthe change in the external work δU ext and strain energy δU S of a deformed body due to enlargement of the cracked area δA^(ISO 13586), expressed in J/m 2 :
The critical energy release rate corresponds to the value of the energy release rate when the crack starts to grow in a precracked specimen. The critical stress intensity factor K 1C , expressed in Pa Â ffiffiffi ffi m p , is the limiting value depending on the stress perpendicular to the crack area and the distance from the crack tip when the crack starts to propagate. Furthermore, it is related to the critical energy release rate by the following equation:
E is the modulus of elasticity, calculated with the help of the tensile modulus. The samples for the fracture toughness tests were precracked with a crack length ranging from 7 to 13 mm. It is imperative that close attention must be paid to the statistic deviation of the test results, since the deviation must not exceed 12% (under the terms of ISO 1358).
Rheological characterization
Shear viscosity was measured in a rotatory viscometer (Kinexus, Malvern) with a plate to plate geometry for diluted samples from the suspension with an agglomerate size of 140 nm. Each sample was tested three times at temperatures of 20 and 50°C. The samples had to be diluted with neat epoxy in order to allow the examination via rotatory viscosimetry, since samples above 20 wt% present poor wetting behavior to the rheometer plate at 20°C, which causes wall slip and yields in unsteady measurements. After the dilution step, the agglomerate size was measured again to dismiss potential instability of the sample.
Results and discussion
Dispersing
Exploratory experiment
During the exploratory experiment, the solid content was increased every 180 min, when the agglomerate size had reached a final value. Figure 1 illustrates the dependency of final agglomerate size, reached during the dispersion experiments on the solid content. Both the results from the exploratory fed batch experiment and the experiments performed for the production of the material for the test specimens show that the final agglomerate size decreases with rising solid content. The reason for this is an increased stressing of the agglomerates in the laminar shear flow, acting in the kneader due to the viscosity increase of the suspension or rather the increase in shear rate, respectively, which is caused by the addition of particles to the suspension. This behavior is in accordance with earlier work with similar material combinations (Nolte et al. 2010 ). The subsequent production of the material for the test specimen leads to agglomerate sizes similar to those expected from the exploratory results (compare Fig. 1 ). Dispersing at elevated temperatures and resulting lower viscosities causes a higher final agglomerate size. Consequently, high agglomerate sizes can be achieved despite working with high solid content.
The shear stress τ acting on a spherical particle can be estimated by (Eq. 4) (Rumpf and Raasch 1962) and is considered to be proportional to the stress intensity acting on the particles ). The shear rate γ can be calculated by using the viscosity of the fluid and a model proposed by Reichert and Ruhmling (1976) (Eq. 5). With rising solid content, the viscosity η of the suspension increases, which gives rise to an increased stress intensity SI (Nolte et al. 2010) .
The shear viscosity at the individual solids contents was characterized via rotational viscosimetry. There exist numerous equations to model the viscosity of suspensions. While most deal with dilute suspensions of microscale particles, some cover particles in the submicron range. Yet, no model known to the authors sufficiently describes the behavior presented by the system that is discussed in this study. The best approximation of the viscosity as a function of the solid content c m is obtained by the exponential equation: with the set of parameters A, B, and C. The approximation was performed weighted by the viscosity value. This is due to the rise of distorting effects like air bubble trapping in the suspension sample and wall slip during the measurement when viscosity increases. Minimized standard errors for the individual values were found for a rather strong weighting factor of ω i ¼ 1 η 4 i with ω being the weighting factor of the Levensberg-Marquardt algorithm for the data approximation. This causes an increasing neglecting of data points with high viscosity values. The search for a physically based model for the viscosity of nanoparticulate suspensions with respect to disperse properties and surface effects is the focus of ongoing research that is driven by the authors parallel to this study. A more physically justified approach of the modeling must therefore be deferred to a following publication.
As can be seen in Fig. 2 , (Eq. 6) provides a very good fit for the data points that were obtained for particle contents from 1 to 17.5 wt%. After that, the approximated viscosity rises faster as the data points. The confidence intervals constituted by the standard errors of the individual approximation parameters are represented by a gray belt. It depicts the uncertainties of the extrapolation despite the good fit (R 2 = 0.989). The standard errors of the data fit are displayed in Table 1 .
Since a characterization of the suspension viscosity at solid contents higher than c m = 0.2 is not possible via rotatory viscosimetry as the torque exceeds the limits of common rheometers, the results need to be extrapolated according to (Eq. 6), in order to obtain values for formulations used for dispersing. These values were then incorporated into the estimation of maximum stress intensities acting during the dispersing processes according to (Eq. 4) (Rumpf and Raasch 1962) . The results are displayed in Fig. 3 , showing the dependency of the final agglomerate size of the dispersion on the maximum stress intensity of the dispersion experiments in a kneader. The results from the exploratory fed batch experiment and the experiments performed for the production of the material for the test specimens are compared in Fig. 3 . Error bars display the uncertainties of the calculated stress intensities resulting from the approximation of the viscosity data. Both the exploratory experiment and the subsequent production of the sample material can be described by the exponential function, which is plotted as a solid black line. The approximation results in a R 2 value of 0.941. Deviations may arise from errors due to the demanding task of measuring the viscosity of highly filled resin suspensions and the assumption that the temperature in the gap between kneading hooks and chamber wall equals the coolant temperature. The immense energy dissipation during dispersing may increase the temperature of the material. Yet, the final agglomerate size is determined by the highest stress intensities that are expected to act in close proximity to the chamber wall, where the temperature is closest to that of the coolant. The reproducibility of the process was evaluated by repeating the experiment 14 times. It resulted in a standard deviation of below 10 nm for all agglomerate size values along the distribution, which corresponds to the deviation of the measurement accuracy. The mean of the 14 agglomerate size distributions is plotted in Fig. 4 with the standard deviation of the agglomerate size. The evaluation of the cured composites agglomerate distribution was realized with SEM pictures of cryogenic fracture samples. These images help in estimating whether the particle distribution is homogeneous and if the particles re-agglomerate during the mixing and curing process. It should be pointed out that the primary particle size of boehmite amounts to 14 nm. Thus, it can be expected that for size distributions ranging from 140 to 400 nm, agglomerates have a high likelihood of being found. Figure 5 shows a SEM picture of a cured boehmite-epoxy composite fracture sample. It can be assumed that most of the brighter structures in the image are particles, and that the darker gaps are areas of debonded particles or agglomerates. As anticipated, a high proportion of the particles were agglomerated, but primary particles could also be found. The distribution of the agglomerates appears homogeneous, and the size distribution also corresponds to the size measurement via dynamic light scattering. Nevertheless, it is important to mention that SEM pictures are not a statistically reliable source for measuring size distribution. These images only depict small local areas of the overall sample, and the real size of the agglomerates beneath the surface is unknown.
Mechanical characterization
The purpose of this work was to investigate the size effects of boehmite particles on the mechanical properties of epoxy nanocomposites. Existing research has shown that the properties are only slightly improved with decreasing particle sizes (Radford 1971; Lange Fig. 3 Dependency of the final agglomerate size on the stress intensity calculated by (Eq. 4) (Rumpf and Raasch 1962) based on the viscosity of the suspension and Radford 1971; Fu et al. 2008 ). Significant increases were measured mainly for microscale particles with sizes down to a minimum particle diameter of 2 μm (Hall et al. 1994; Nakamura et al. 1992) . The average values of all mechanical test results measured during this study are summarized in Table 2 . The agglomerate sizes given in Table 2 correspond to median agglomerate size values x 50 determined with the volume-based size distribution measurement, described in Nolte et al. (2012) . Figure 6 shows the percentage change in mechanical properties compared to the unfilled epoxy resin system depending on the agglomerate size at a constant mass fraction of 10%. The mechanical properties are measured at the average agglomerate sizes of 138, 251, and 354 nm. Figure 6a shows the influence of the agglomerate size on Young's modulus for tension and bending tests. The standard deviations for the tensile tests (0-1%) are smaller than those of the bending tests (1-2%). This results from the more precise measurement technology of the tension test method and from the different type of loading concerning the test methods. For both test methods, the results increase nearly linearly with decreasing particle size with a marginal change of about 2-3%. Compared to the neat epoxy resin, there is a maximum increase of 13% for the bending modulus and 16.5% for the tension modulus at an agglomerate size of 138 nm. These results are in accordance with existing research (Radford 1971; Lange and Radford 1971; Fu et al. 2008 ). Looking at different material models and rules of mixtures, the two main parameters having an influence on the elastic modulus of the composite material are the volume fraction and the elastic modulus of the individual components. Due to the fact that agglomerates gain stiffness with a size reduction, the increase in the elastic modulus of the composite might not be only caused by the smaller spatial extend of the particles but also by their increased stiffness. Additionally, the interfacial stress transfer should be considered. In particular, as agglomerate size is reduced and more of the surface area of the primary particles becomes accessible, the interfacial stress transfer should increase, due to the fact that there are more interfaces the stress can be transferred through. The maximum tension and bending strain can be seen in Fig. 6b . There is a significant increase in the maximum strain of about 40% Fig. 4 Mean agglomerate size distribution of dispersing experiments under the same process conditions 500 nm for both test methods comparing the composites with an average agglomerate size of 354 and 138 nm. This phenomenon indicates an embrittlement of the composite material with increasing agglomerate size. Larger agglomerates are weak spots and will break earlier producing larger damage zones and thus resulting in a premature failure of the test specimen. The relation between agglomerate size and maximum strain is nearly exponential for agglomerate sizes between 138 to 354 nm. The difference between the results of the tension and bending test might occur because the bending specimens are subjected to a slipping effect between the specimen and the supports if a certain level of loading is reached. The maximum strength displayed in Fig. 6c shows a similar behavior. It can also be described as a significant increase with an improvement above 20% for a comparison between the composites with agglomerate sizes of 138 and 354 nm. At an agglomerate size of 138 nm, the maximum strength even exceeds the neat resin. For the experimental tests under tensional loading, it is expected to find a strong correlation between agglomerate size and stress concentrations around the agglomerates. Thus, a decreasing particle size may lead to a decreased notch effect resulting in an increased strain and strength.
The analysis of the mechanical cracking was executed with compact tension (CT) specimens subjected to fracture toughness tests. The results are shown in Fig. 6d . The standard deviations of the fracture toughness tests do not exceed 12%, which is a criterion for considering the results as valid. Generally, the influence of particle reinforcement is considerably higher on the fracture toughness than on the modulus of elasticity. An improvement of about 40% in the critical stress intensity factor and 70% in the critical energy release rate for a particle size of 138 nm was measured compared to the unfilled epoxy resin. Figure 7 shows a picture of the fracture surfaces of 7a -neat epoxy in comparison to epoxy with a mass fraction of 10 wt% boehmite and agglomerate sizes of 7b -354 nm, 7c -224 nm, and 7d -138 nm. The pictures were taken from the tested CT specimen close to the initial crack area. The crack direction goes from the right side to the left side of the pictures. The change in mechanical properties caused by particle modification and the change in particle size clearly affects the appearance of the fracture surface, too. The fracture surface of the neat epoxy resin is very smooth compared to the fracture surface of the particlemodified composites. Furthermore, it can be seen that the roughness of the fracture surface increases with decreasing agglomerate sizes. The surface roughness is an indicator for crack deflection. If the surface roughness rises, it is more likely that crack deflection processes occur. The crack deflection process increases the total fracture surface leading to increasing energy absorption. A theory and the associated experiments of crack deflection processes were described and performed by Faber and Evans (1983a, b) . Jamaati et al. (2014) guessed that large particles cause a high possibility of particle breaking, leading to an increase in the fracture toughness. In the framework of this study, no hint for agglomerate breaking could be found. It is questionable if broken agglomerates remain in the matrix and if they would look any different from smaller agglomerates that have managed to deflect a passing crack. Another possibility is that an irregular agglomerate fracture results in an increased roughness of the fracture surface. Based on the SEM pictures in Fig. 7 , it is estimated that debonding takes place, too. Voids in the epoxy resin are an indicator for de-bonding. The de-bonded particles or agglomerates could either remain in the opposite fracture surface or have been fallen out completely during the cracking. The total number of voids is increasing with decreasing particle size. The 
de-bonding itself is considered to absorb only a small amount of energy. But a de-bonded particle leaves a void and thus can initiate a plastic void growth. The toughening mechanism of plastic void growth was extensively studied by Johnsen et al. (2007) . They tried to predict the fracture energy with the help of the diameter of the voids. Whether their model is suited to explain the results of this study is unknown. Furthermore, Johnsen et al. used epoxy/silica composites that may have different particle-matrix interactions compared to the epoxy/boehmite composites. Nevertheless, one should consider the possibility that de-bonding and thus plastic void growth contributes to the increased fracture toughness. The fracture surfaces do not show characteristic bowing lines that indicate the mechanism of crack pinning. As it has been mentioned before, it is questionable if nanoscale particles are able to pin the crack front.
Summary
The adjustment of the solid content in the epoxy resin was found to be a reliable method for adapting the agglomerate particle size in a kneading process, offering precise control over the product quality with deviations close to the measurement inaccuracy. This allows the production of a broad variety of agglomerate sizes with little experimental effort beforehand. Stress intensities acting during dispersion were calculated based on an approach by Rumpf and Raasch (1962) . The outcome proves that dispersion results can be explained by considering the maximum stress intensity inside the kneader. The mechanical characterization of the composite material showed an overall improvement concerning their mechanical properties. In Fig. 6 Change of mechanical properties of the nanocomposite specimen compared to the unfilled epoxy system depending on the average size of boehmite agglomerates at a constant mass fraction of 10%. a Young's modulus. b Maximum strain. c Maximum strength. d Critical stress intensity factor K 1C and energy release rate G 1C particular, the maximum strain (40%) and the maximum strength (20%) of the composite material with an agglomerate size of 138 nm are significantly improved compared to the composite material with an agglomerate size of 354 nm. The findings suggest that larger agglomerates will break earlier and produce larger damage zones, resulting in a premature failure of the test specimen. If the maximum stress and strain can be improved any further with agglomerate sizes below 100 nm has to be confirmed in further studies. In contrast, the modulus of elasticity and the fracture toughness, which are both significantly improved by incorporation of particles in comparison to the unfilled resin, are marginally dependent on agglomerate size. Nevertheless, a statistically relevant increase between 2 and 5% was measured for both. The two main crack mechanisms that are assumed to lead to an increase in fracture toughness are crack deflection and de-bonding. The rising surface roughness and the rising content of the voids are seen as indicators for this assumption. Other mechanisms and effects like interfacial interactions and local changes in cross-link density may also be relevant and should be object of further studies. For a comparison of the experimental and simulative tests in forthcoming studies, results concerning the elastic modulus of boehmite should be mentioned, in particular the research of Fankhänel et al. (2016) . They worked with the same boehmite used in this study and found that the elastic modulus is significantly lower (~10 GPa) than reported in the literature (~80-120 GPa).
As an overall summary, it can be stated that with decreasing agglomerate sizes, the values for maximum strength and strain of the composites approximate to the values of the particle free reference. In general Young's modulus and fracture toughness can be increased significantly with particles, with only marginal influence of their agglomerates size. 
